This paper presents the low-velocity impact tests on the sandwich plates with aluminum foam core and aluminum skins at elevated temperatures. A furnace, attached to an Instron Dynatup 9250 HV drop hammer system, was designed to accomplish the penetration tests at temperatures up to 500 C. In order to process the experimental data accurately, the numerical vibration analysis was conducted to determine the threshold frequencies of the fast Fourier transform (FFT)¯lter for the original impact data. The experimental results showed that the failure modes of the sandwich, peak load and absorbed energy varied obviously with temperatures. Furthermore, the results showed that the failure modes of the top skin and metal foam core showed minor changes with respect to temperatures. Whereas the failure mode of the bottom skin and peak loads changed signi¯cantly with respect to temperatures. Also, the absorbed energy revealed a three-stage variation with the change of temperature.
Introduction
Composite sandwich plates with aluminum foam cores have great applications in the aerospace, marine, automotive and recreational industries, [1] [2] [3] [4] [5] because they are capable of absorbing impact energy with large plastic deformation under dynamic loading. Many researchers have studied the penetration energy absorbing mechanisms of aluminum foam and foam sandwich plates. [6] [7] [8] [9] [10] [11] The mechanical properties of sandwich plates especially for low velocity impact behaviors have been widely investigated at room temperature. The fracture properties and impact response of a series of aluminum foam sandwich structures werē rst studied by Cantwell et al., 3 Kiratisaevee and Cantwell. 4 Later, Radford, 6 who measured the dynamic responses of clamped circular monolithic and sandwich plates, found that the sandwich plates had a higher impact resistance than that of monolithic plates of equal mass. The impact resistance of the sandwich plates increased with increasing thickness of sandwich core. Besides these test studies, Foo et al. 12 used an energy-balance model to analyze impact dynamics for composite structures to predict transient load and de°ection histories. Recently, Chang et al. 13 investigated the thickness e®ects on the mechanical performance. Duarte et al.
14 researched the failure mode of sandwich plates of the quasi-static deformation. Hou et al. 15 did some quasi-static and impact perforation tests to study the ballistic performance of aluminum foam sandwich plates. In addition, Nabavi and Khaki 16 tried to¯nd a novel method to manufacture sandwich plates. The polymer sandwich structures [17] [18] [19] [20] [21] and FML-reinforced sandwich plates 22 were also studied. Haldar et al. 20, 21 established the methodology to elucidate the failure mechanisms of Palmetto wood under quasi-static loading and dynamic loading using low velocity impact. A advanced technique known as digital image correlation (DIC) was chosen for full-¯eld deformation measurements under mechanical loading.
However, most researches were conducted at the room temperature. Limited data was available at elevated temperatures. Some researches focused on the foam's properties at various temperatures. For example, Aly 23 studied the mechanical behavior of the closed cell aluminum foams by compressive testing at elevated temperatures and found that the mechanical properties of ALPORAS foams are strongly dependent on the foam's density and temperature. Cady et al. 24 obtained the compressive properties of closed-cell aluminum foam as a function of strain rate and temperature. Li et al. 25 tested the deep indentation response of closed-cell aluminum foam under various temperatures. Composite sandwiches were also studied at various temperatures. Salehi-Khojin et al. 26 studied Kevlar/hybrid and carbon¯ber composite sandwiches under low velocity impact at ambient temperatures ranging from À50 C to 120 C and illustrated that the back surface damage and¯ber breakage decreased considerably with increasing temperature. Erickson 27 investigated the effect of temperature on the impact behavior of composite sandwich plates at À25, 25 and 75 C. The results showed that the temperature signi¯cantly a®ects the absorbed energy and the maximum impact force. Recently, Gupta and Shukla 28 demonstrated the dynamic response and failure mechanisms of sandwich composites for marine applications, made of E-glass Vinyl Ester skin and Corecell TM M100 foam core material at di®erent temperatures using a shock tube apparatus. These studies indicated that the temperature has a signi¯cant e®ect on the dynamic properties and failure mechanisms of aluminum foam materials and sandwich composites. However, the e®ects of temperature on the impact properties of the sandwich with aluminum foam core are not apparent.
In this paper, the penetration mechanical behaviors of aluminum foam sandwich plates at various temperatures were discussed with an improved Dynatup drop hammer system. The experiments demonstrated the penetration behaviors, and the failure modes of sandwich plates and their variations with temperatures. Furthermore, the energy absorption of plates with respect to temperature e®ects were observed and discussed.
Experimental Setup

Impact equipment with high temperature system
Experiments were conducted using an Instron Dynatup 9250 HV drop hammer tower (see Fig. 1 ). The load-time curves were recorded by a piezoelectric force sensor, whose type was 7900-134, with a load capacity of 89 kN. The total recorded time was 40 ms, and the sampling frequency was 204.8 kHz. The punch was a 40-mm diameter steel cylinder with a small chamfer and a°at surface at the impact end.
To conduct the impact experiments at high temperatures by Dynatup 9250, a custom designed furnace was attached to the drop hammer tower (Fig. 1) . The impact was done in the furnace instead of the original box. The temperature of the furnace was controlled by the thermal resistance with an intelligent temperature controller. A removable cover on the top of the furnace was designed for convenience. Meanwhile, the cover was closed when the furnace was heating, and opened rapidly prior to the penetrator dropping.
The penetrator was driven into the center of the plate as a dropped mass, and the mass of the penetrator was 18.1923 kg. The test temperatures were set at room temperature, 100, 200, 300, 400 and 500 C. The initial impact velocity was set to 10 m/s, because the friction was always present, the true velocity measured by velocity senor was lower than the set velocity.
Plate's construction and material properties
Totally the sandwich plates consisted of two aluminum skins and a core of aluminum foam. The skins were 1.2 mm thick 5005H34 aluminum alloy sheets. The cores were closed-cell aluminum foam (manufactured by Ao Shen Te Company, Shanghai, China) and were cut by a wire-electro-discharge-machining (WEDM) from an aluminum foam plate (600 mm Â 600 mm Â 37 mm) with an average cell size of 4 mm and a relative density of 0.2. A high temperature adhesive (Beijing Aoyuksin Surface engineering Technology Co, Ltd, Beijing, China) was used to glue the aluminum alloy skins onto the up and lower surfaces of the core. A metal foam sandwich plate is shown in Fig. 2(a) . The plate was fully clamped through the 8-bolt holes ( Fig. 2(b) ) to restrict its movement. The 8-bolt holes are straddled evenly along a common bolt circle with a diameter of 17.5 cm.
Impact Tests Results
Raw data and data processing
The test results shown in Fig. 3 illustrated the impact load against the time curves of each specimen in Table 1 . There are two main peaks in each load curve, corresponding to the penetrations of the two skins. Because the support¯xed in the furnace is di®erent from the original support xed on the ground (Fig. 1(b) ), the impact tests data oscillated more than other researches test results at room temperature. It is found that the vibration behavior of each sandwich plate is very complex during the penetration, it couples many vibrating modes. The vibration of the impacted plate is the main reason, because the thickness of the skin is bigger than the normal skin. [29] [30] [31] From Fig. 3 , the frequencies varied from 1.2 kHz to 2.0 kHz. There are two kinds of main vibrations, one is the vibration of the whole sandwich, and another is the vibration of the skin, which is the most complicated one. When the punch impacts the top or bottom skin of the sandwich, the skin may partially or fully separate from the core. This leads to the skin's uncertain vibration frequency, but it has a smaller vibration frequency of the fully separated skin.
To study the sandwich and the skin's vibration frequency, the Finite element method (FEM) is used. The models of the sandwich and the skin vibration can be seen in Fig. 4 . Because the test specimens are fully clamped through 8-bolt holes, the clamped part of sandwich plate is modeled as clamped circular plates with a diameter of 175 mm. The skin and the sandwich model are also modeled as circular plates. Then the Finite element analysis (FEA) results are obtained to study the possible frequency range of the oscillation. The two frequencies under room temperature and 500 C temperatures are listed in Table 2 . Table 2 shows the vibration frequencies of the impact loads of the sandwich plate and the skin, at room temperature and 500 C. The plate's impact load vibrated at 1.51 kHz at room temperature and 1.07 kHz at 500 C. The skin's impact load vibrated at 0.66 and 0.47 kHz at room temperature and 500 C, respectively. Obviously, their vibration frequencies will stay within these ranges as long as they were between room temperature and 500 C.
The FFT analysis results of loading curves T32-N01 and T500-N16 are shown in Fig. 5 . When the low-pass threshold frequency is set to 0.5 kHz, the signi¯cant features of the loading curves will remain. Therefore, the FFT is applied to the loading curves to¯lter out the noises from the°uctuations. Going through many attempts, the threshold frequencies at each temperature is about 1.5 times the vibration frequencies of the single skin. Table 3 shows the threshold frequencies of a single skin at each temperature. The¯ltered results and the original signals are compared in Fig. 6 . These show that the settings of the threshold frequencies in Table 3 helped to¯lter the vibration noises, which had little in°uence on the main penetration signals. Therefore the discussion about the penetration will be based on the¯ltered data of each specimen.
The load versus displacement curves of specimens at various temperatures are shown in Fig. 7 . The general curves of the di®erent specimens with the same temperatures are consistent, which indicates high repeatability of the tests. Figures 8-11 show the general failure features of the sandwich plates. These include the penetration of the top skin, the penetration and \petal style" cracks of the metal foam core, the penetration and tear of the bottom skin, and the separation between skins and core. These failure features also matched the \double load peaks" mode and \4-stages" features of load-displacement curves in Fig. 7 . These features are also found by Wines [17] [18] [19] and Zhao. 32 For example, Fig. 12 shows the \4-stages" of the load versus. displacement curve for specimen T32-N01. Table 4 gives the displacement after deformation of each layer of the sandwich. Upper skin displacement Bottom skin displacement 
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Core crack length In Fig. 12 , the¯rst stage from points A to B corresponds to the penetration of the top skin, because point B displacement is about 11.5 mm, which equals the top skin dislocation in Table 4 . In this stage, the force is resisted by the top skin and the foam core until the top skin is penetrated.
The second stage is from points B to C. It is the stage of the punch penetrating through the core until the bottom skin. When crossing the top skin, the dislocation of the top skin is 11.5 mm smaller than 21.2 mm of the thickness of the top skin and the core, so the punch does not reach the bottom skin but is still in the core layer. At this moment, the core damage increased until reaching the bottom skin. Because the core strength drops faster than the top skin and the core in the¯rst stage, the load decreases accordingly.
At the third stage from points C to D, the bottom skin is being penetrated. The punch reaches the bottom skin at point C. At point D, the punch penetrates the bottom skin. Because the sti®ness of the aluminum alloy is greater than the foam core, the load increases again until the bottom skin is penetrated.
The end stage is from points D to E. In this stage, only friction force is left, so that the load reduces to zero rapidly.
E®ects of Temperatures
Failure modes
The core failure modes (penetration and \petal style" cracks) do not change obviously with temperature. The lengths of these cracks are about 3 cm-4 cm. Besides, the displacements of the cores after bending increase from 2.80 cm at 32 C to 3.15 cm at 500 C. This is due to the increase of plastic°ow at higher temperature. The shear deformation around the hole and the overall plate bending deformation both have signi¯cant e®ect throughout the entire impact and penetration process. Figure 13 shows that the oxidization of the skins occurs from 400 C, and is particularly apparent at 500 C. As temperature rises, the dislocation of the top skin after bending also increases. From 1.15 cm to 2.0 cm, the dislocation is increased by 178.3%. The failure mode is a penetration without \petal style" cracks on the top skin whether the temperature is low or high. The shear deformation around the hole is the main damage form. Figure 14 shows that there are four cracks around the hole of the bottom skin at room temperature but seldom at high temperatures (above 400 C). As temperature rises, the bending displacement of the bottom skin increases as well. The increase of the bending displacement is about 48.8% (from 2.15 cm to 3.2 cm). The main reason of the displacement increase is that the yield strength of the skin reduces at high temperature.
Maximum impact loading
As is described previously, the force versus displacement curves of all specimens adhered to the general \double peak" pro¯le. Figure 15 shows that the maximum impact loading drops rapidly as the temperature increases, especially when the bottom skin is penetrated, because only the bottom skin bears the impact load.
At room temperatures, there is almost no di®erence between the two peaks; but the di®erence increases as temperature increases. This means at room temperature, the two peak-loadings of the sandwich mainly depend on the top and bottom skins and the e®ect of the core is negligible. With temperature increasing, the two peakloadings of the skin decreases and the e®ect of the core becomes more important.
Energy absorption
The absorbed energy of each sandwich is equal to the area under the force and displacement curves in Fig. 7 . The relationship between the absorbed energy and the temperature of the 15 specimens is shown in Fig. 16 . Since the absorbed energy varies with the measured initial velocity, which are di®erent from each specimen, the absorbed energy J is normalized by the initial impact kinetic energy J 0 .
Except at 300 C, the absorbed energies have a high repeatability at each temperature. In general, the energy absorption ability decreases when the temperature increases. The tendency of the absorbed energy can be divided into three sections: (1) from room temperature to 200 C, it decreases almost linearly with temperature increases; (2) from 200 C to 400 C, the absorbed energy changes little with temperature increasing, because the peak value of force reduces while the failure displacement increases; (3) when the temperature is greater than 400 C, the absorbed energy decreases rapidly, and it will be reduced to zero when the temperature reaches the melting temperature. From the experimental results, obviously the absorbed energy should be reduced with the increment of temperature; and there exists a stable energy varied little with temperatures; furthermore, the absorbed energy should be zero when the temperature reaches to the melting temperature. As a result, a four-order polynomial is selected to describe such phenomenological behaviors as follow: where J is the energy absorption of the sandwich plate and J 0 is the kinetic energy of the punch. T is the test temperature and T 0 is the melting-point temperature, which is equal to 635 C. The¯tting curve was shown in Fig. 16 .
Conclusion
In this experiment the Dynatup 9250 (Dropping Hammer Impact System) is improved to conduct the elevated temperature impact test. The experimental results show that the modi¯cation scheme in the impact system is feasible and that the temperature a®ects the progression of failure and energy absorption capabilities of the sandwich plates remarkably. Five conclusions are drawn as follow:
(1) The improvement to the Dynatup 9250 system with the addition of the furnace can facilitate the elevated temperature impact tests. (2) With the vibration analysis of the sandwich plate and skin, the oscillation of the loading signal is highly possible to be a kind of skin plate vibration. The FFT lter technique is suitable with all the recommended threshold frequencies to ¯lter out the vibration noises in the loading signal, which helps to study the penetration behaviors. (3) There are four stages and \double peak mode" for load-displacement curves at di®erent temperatures, which are closely adhere to the failure modes during the whole penetration procedure. (4) The change of temperature has little e®ect on the failure modes of the top skin and core, and has signi¯cantly e®ects on the bottom skin in the sandwich. (5) The energy absorption ability decreases when the temperature increasing. The reduction of the absorbed energy can be divided into three sections.
